The relationship between hydrological alteration and climate variability in the upper Yangtze River is not fully understood. In this paper, the periodicity features and the intercorrelation of annual and 
INTRODUCTION
River flow regimes are critical components of the ecological integrity of river systems (Poff et al. ; Hart & Finelli ) and changes in flow regime are commonly observed in a large number of rivers worldwide, as a response to environmental changes (Gao et al. ) . However, the formation of such changes in flow regime (hydrological alteration) is not fully understood and the connection between hydrological alteration and climate variability is not well clarified, despite the fact that climate variability is increasingly affecting the natural flow regime (Suen ;
Kim et al. ; Dyer et al. ).
Human activity is usually considered to be a major contributor to the changes in flow regime via different approaches, e.g., dam construction, land use change and artificial water withdrawal (Gao et exist between climate indices and hydrological alteration in the flow regime. This is because large-scale patterns of atmospheric circulation determine the distribution of surface temperature and precipitation over the land surface which, in turn, controls key components of the hydrological cycle, e.g., streamflow (Mishra et al. ) .
The linkage between climate indices and streamflow in China has been documented in a large number of studies. (Dyer et al. ) . This is especially the case for multi-objective dams such as the Three Gorges Dam (TGD), which is the world's largest power station and provides great benefits for flood protection, hydropower generation, navigation, ecological services, and so on.
The main research objectives of this study are: (1) to analyze the intra-annual variability between the annual eco-flow metrics and seasonal eco-flow metrics of streamflow at TGD (i.e., eco-deficit and eco-surplus metrics, which are indices denoting the hydrologic alteration, both annually and seasonally); and (2) to explore the potential phase relations with large-scale climate indices which reflect climate variability. To fulfill this purpose, eco-deficit and eco-surplus metrics were employed because these indicators provide an accurate measurement of the degree of alteration of streamflow time series (Vogel et al. ; Gao et al. ) .
Meanwhile, the wavelet transform theory, such as crosswavelet and wavelet coherency, was used for data analysis. In this study, the annual and seasonal eco-deficit and eco-surplus flow metrics were calculated using the daily streamflow data from the Yichang hydrologic gauge station from 1882 to 2013, the 1882-1960 streamflow regime being chosen as a natural regime because there were no 
( 1) where φ 0 ( ) means the wavelet function of Morlet, η is the non-dimensional time, and ω 0 is the non-dimensional frequency and is always taken to be 6, to satisfy the admissibility condition (Torrence & Compo ) . The CWT of a discrete sequence x n is defined as the convolution of x n with a scaled and translated version of φ 0 (η):
where N is the length of discrete sequence x n , n is the localized time index, φ Ã 0 ( ) indicates the complex conjugate of φ 0 ( ), δt is time step, and s is scale. The subscript 0 indicates the φ 0 ( ) has been normalized.
In order to ignore edge effects (because the wavelet is not completely localized in time), the cone of influence (COI) was introduced. In this case, the COI is the area where the wavelet power caused by the discontinuity has dropped to e À2 of the value at the edge (Torrence &
Cross-wavelet transform
Cross-wavelet transform exposes high common power and relative phase of time series in the time-frequency plane.
The cross-wavelet spectrum of two time series, X 1 and X 2 , with wavelet transform W X 1 and W X 2 is shown as:
where the asterisk denotes complex conjugation. 
Wavelet coherence
Wavelet coherence is a method that analyzes how coherent the cross-wavelet transform is in a time-frequency space.
Wavelet coherence provides a localized correlation between the two time series X 1 and X 2 for each frequency and time scale, the coherence being a measure of the intensity of the covariance of the two time series in time-frequency space. The coherence was defined by the following equation
where R 2 ranges between 0 and 1 and can be conceptualized 
RESULTS
Features of annual and seasonal eco-flow metrics
Intra-annual variation
The intra-annual variation of the eco-flow metrics was analyzed in the first instance. As shown in Figure 2 (a), the annual eco-deficit metric is significantly correlated with the summer eco-deficit and autumn eco-deficit metrics and correlation coefficients are larger than 0.78 (p < 0.001). Statistically, the annual eco-deficit metric is also significantly correlated with the winter eco-deficit metric, with a correlation coefficient around 0.4. Compared to other seasonal eco-deficit metrics, the spring eco-deficit metric is less significantly correlated with the annual eco-deficit metric.
Summer and autumn eco-deficit metrics comprise much of the annual eco-deficit metric. This is arguably due to the regulation of TGD which greatly alters the flow regime by decreasing the summer and autumn discharge and increasing winter discharge (see Table 2 ). As for the seasonal ecodeficit metric, the summer eco-deficit metric is correlated significantly with the autumn eco-deficit metric but less significantly with the winter eco-deficit metric. The autumn eco-deficit metric is correlated significantly with the summer eco-deficit metric and winter eco-deficit metric.
As shown in Figure 2 (b), the summer eco-surplus metric and autumn eco-surplus metric are significantly correlated with the annual eco-surplus metric, with a correlation coefficient larger than 0.58 (p < 0.001). However, the spring and winter eco-surplus metrics are less significantly correlated with the annual eco-surplus metric (with significant level <0.01). As for the seasonal eco-surplus metric, statistically, the spring eco-surplus metric is significantly correlated with the winter eco-surplus metric but the relationship is weak (the correlation coefficient is about 0.3).
In short, summer and autumn eco-flow metrics occupy a great proportion of both the annual eco-deficit metric and eco-surplus metric.
Periodicity analysis
The periodicity of eco-flow metrics at the Yichang gauge station is shown in Figure 3 Linkage between the eco-flow metrics and climate indices
Correlation analysis
The correlation analysis between the eco-flow metrics and the selected climate indices was performed first. The It can be observed from Table 3 
Cross-wavelet and wavelet coherence analysis
To further identify the variability and possible linkages between eco-flow metrics and selected climate indices, the 
